Most proteins of the TRIM family (also known as RBCC family) are ubiquitin ligases that share a peculiar protein structure, characterized by including an N-terminal RING finger domain closely followed by one or two B-boxes. Additional protein domains found at their C termini have been used to classify TRIM proteins into classes. TRIMs are involved in multiple cellular processes and many of them are essential components of the innate immunity system of animal species. In humans, it has been shown that mutations in several TRIM-encoding genes lead to diverse genetic diseases and contribute to several types of cancer. They had been hitherto detected only in animals. In this work, by comprehensively analyzing the available diversity of TRIM and TRIM-like protein sequences and evaluating their evolutionary patterns, an improved classification of the TRIM family is obtained. Members of one of the TRIM subfamilies defined, called Subfamily A, turn to be present not only in animals, but also in many other eukaryotes, such as fungi, apusozoans, alveolates, excavates and plants. The rest of subfamilies are animal-specific and several of them originated only recently. Subfamily A proteins are characterized by containing a MATH domain, suggesting a potential evolutionary connection between TRIM proteins and a different type of ubiquitin ligases, known as TRAFs, which contain quite similar MATH domains. These results indicate that the TRIM family emerged much earlier than so far thought and contribute to our understanding of its origin and diversification. The structural and evolutionary links with the TRAF family of ubiquitin ligases can be experimentally explored to determine whether functional connections also exist.
Introduction
Present in all eukaryotic organisms, ubiquitination is involved in multiple essential functions. It has a critical role regulating protein levels: the addition of a polyubiquitin chain often targets a protein for degradation by the proteasome. However, ubiquitination has many other important tasks which often do not involve the degradation of the tagged proteins. This versatility allows for many facets of cell signaling, endocytosis, DNA repair or gene expression, among other cellular processes, to be controlled by ubiquitination [1] [2] [3] [4] [5] [6] . The most diverse components of the ubiquitination system are ubiquitin ligases (E3s), the group of enzymes able to transfer ubiquitin to target proteins. E3s, which provide specificity to the machinery, are often very numerous, with many species (e.g. humans) having hundreds of genes encoding them. E3s are classified into a few classes, depending first on whether they are single proteins or form multiprotein complexes and second, on structural and functional features of the proteins themselves [1] . We have recently studied the evolution of several of the most important classes of ubiquitin ligases, including cullin-containing E3 complexes [7] , HECT domain-containing ubiquitin ligases [8] and U-box E3s [9] . However, the most diverse E3s are those that contain RING fingers, either alone or in combination with other protein domains [10] . The analysis of that class of proteins as a whole is difficult, given that their only common feature is the RING finger itself. This is a relatively small and rapidly evolving domain that does not provide enough information as to allow for the evolutionary characterization of the relationships among the different RING-containing ubiquitin ligase types. In the last years, we have extensively studied the diversification of a particular group of RING finger E3s, called RBR (Ring -Between Rings -Ring) family (reviewed in [11] ). We focused on RBR proteins because they contain a unique RING -IBR -RING supradomain that makes feasible precise evolutionary analyses [11] [12] [13] [14] [15] . Significantly, this RBR-specific structural feature correlates with the fact that they perform ubiquitination differently from typical RING-only E3s, in a way that partially resembles HECT E3 function [16] .
Ubiquitin ligases of the TRIM family (a. k. a. RBCC family; see [17] [18] [19] [20] [21] for reviews) are another type of RING-containing E3s that share complex structural features, allowing detailed evolutionary studies. In addition of an N-terminal RING finger domain, TRIM E3s typically contain one or two B-boxes, short domains probably derived from the RING finger [22] , which are only found in this family. The B boxes are located C-terminally with respect to the RING finger. After the B box(es), TRIMs often also have a coiled coil (CC) domain. This RBCC (RING -B box -[B box] -CC) supradomain is sufficiently long and conserved as to provide useful phylogenetic information, as shown in several significant previous works [23] [24] [25] . Sardiello et al. [23] focused their analyses on characterizing the orthologs of human TRIM genes in some vertebrate and invertebrate model species, concluding that the TRIM family can be divided into two main groups, one of them (''Group 1'') present in both vertebrates and invertebrates and structurally very diverse and the other (''Group 2'') restricted to vertebrates and characterized by all proteins in that group containing a SPRY domain, which is thought to be involved in facilitating protein-protein interactions [26] . However, some of the proteins that belong to the Group 1 defined by [23] also have SPRY domains [23, 27] . The study by Van der Aa et al. [24] was devoted to analyze the rapid amplification, linked to changes in their selective regimes, of particular SPRY-containing TRIMs in fishes. Additional evidence for rapid evolution and increase of complexity of SPRY-containing TRIM E3s in fishes has been recently obtained [25] .
From a functional point of view, TRIM E3s have been extensively studied. It is known that mutations in several human TRIM genes cause genetic diseases such as mulibrey nanism (TRIM37 mutations; [28] ), Opitz syndrome (mutations in TRIM18/MID1, where the slash separates two alternative names used for a particular gene or protein; [29] ), muscular dystrophy limb-girdle Type 2H (TRIM32; [30] ), Bardet-Biedl syndrome 11 (also TRIM32; [31] [32] ) and familial mediterranean fever (TRIM20/MEFV; [33] [34] [35] ) and may contribute to many other, including autoimmune and inflammatory diseases [36] [37] [38] , muscular dystrophies (e.g. [39] ), neurodegenerative diseases [40] [41] or multiple types of cancer [42] [43] [44] [45] [46] [47] [48] [49] [50] . In addition, several TRIM proteins are key actors in innate immunity responses, especially down-regulating the replication of many different types of viruses . It is also significant that, although it has been shown already that about 20 different TRIM proteins act as ubiquitin ligases, at least one of them (TRIM25/EFP) functions also as a ISG15 ligase [74] and several may act as SUMO ligases [75] [76] .
Despite the great interest aroused by TRIM proteins, leading to hundreds of papers published on members of this family, no attempt for a systematic evolutionary analysis of all TRIMs present in eukaryotes has been ever attempted. This may lead to significant shortcomings in our understanding of this family. For example, the generally accepted classification of TRIM proteins into classes [20, 77] , widely used as reference in functional studies, is exclusively based on structural features, i.e. the presence or absence of some protein domains. This type of classification rests on the idea that the acquisition of a protein domain is a sufficiently infrequent event as to be considered a unique phylogenetic marker. If this is strictly true, the defined classes would be monophyletic, with all the genes encoding proteins of a particular class deriving from a common ancestor. Following this strategy, the existence of nine distinct TRIM classes were suggested by Short and Cox [77] . Later, this classification was slightly modified by Ozato et al. [20] using additional data, leading to the definition of eleven classes (C-I to C-XI). However, without extensive phylogenetic analyses to support the monophyly of these classes, it is impossible to ascertain whether they are indeed natural groups. For example, convergence, in which a protein domain is acquired two or more times independently by unrelated members of a protein family, is a common occurrence, and has been found in other ubiquitin ligase families (e.g. [8, 12] ). It is also significant that the classifications provided by Short and Cox [77] and Ozato et al. [20] fit poorly with the suggestions of Sardiello et al. [23] , which are based on phylogenetic analyses of a small but still significant sample of TRIM sequences. Particularly, the suggestion of dividing TRIMs into just two groups and putting together in a single group (''Group 1'') a large number of structurally very diverse TRIM proteins [23] was in radical contradiction with the domain-based classifications. Choosing one or the other view may significantly influence how the functional analyses of TRIM genes and proteins are tackled and interpreted.
In this work, a complete phylogenetic analysis of the TRIM family is described. The focus of this study is twofold. First, to establish the origin of the TRIM family, confirming whether or not it is restricted to animals. Second, to provide an account of the early patterns of diversification of the family in order to refine, if necessary, its current classification. As it will be shown in the next sections, several unexpected results were found, the main ones being that TRIM proteins most likely emerged very early in eukaryotic evolution and that they are potentially related to a different type of RING finger-containing ubiquitin ligases known as Tumor necrosis factor-Receptor Associated Factors (TRAFs). Phylogenetic data generally agree with the domain-based classification [20, 77] , although some discrepancies were detected. Also, the origin and evolution of several TRIM-like proteins, so far never systematically studied, is analyzed.
Materials and Methods
To generate a comprehensive database of TRIM proteins, Tblastn searches were performed, using multiple representative TRIM family sequences as queries and with default parameters, against the non-redundant, htgs, gss, est and wgs databases of the National Center for Biotechnology Information (http://www.ncbi. nlm.nih.gov/). The TRIM query sequences were selected from all the classes defined by Short and Cox [77] and Ozato et al. [20] , in order to detect the whole range of TRIM sequence variation. From these Tblastn searches, all the proteins with high similarity to the queries were selected. Both a very low Expect (E) value (typically, E,10 210 ) and a minimal size (S) of the region showing similarity to the query sequences were demanded to classify a protein as a positive hit. In general, S was required to be larger than 300 amino acids. This cutoff was lowered to S = 180-200 amino acids when the query protein sequence was very short. The sets of sequences obtained in each search were aligned using Clustal X 2.0.12 [78] amd MAFFT v6.864.b [79] with default parameters. These results were compared to establish a consensus alignment and manually corrected using GeneDoc 2.7 [80] . From the final protein alignments, preliminary phylogenetic trees were obtained using the neighbor-joining (NJ) method implemented in the MEGA 5.0.5 program [81] . These trees were used to evaluate the congruence between the original structural classes defined by Short and Cox [77] and Ozato et al. [20] and the groups obtained by sequence similarity. Three types of discrepancies were observed: 1) In a few cases, sequences of proteins of a given structural class were found in two different trees, in one of them together with very similar proteins of the same structural class and in a second one, with proteins of a different structural class, appearing then as highly divergent sequences, with long branches. This was simply due to some similarities among proteins of different classes being above the conventional E and S values used as thresholds. These duplications were solved considering that the structural and sequence-based analyses were congruent and eliminating the sequences from the tree in which they were lumped together with divergent sequences of a different structural class; 2) In some other cases, proteins classified as belonging to two different structural classes indeed had very similar sequences -as similar as proteins within the same class -appearing together in a given tree. These cases were interpreted as showing that the structural data were incongruent with the sequence data, suggesting that the classification of those proteins had to be modified. All these cases will be detailed below, in the Results section; 3) A final type of discrepancy was the finding of proteins with very high similarity to TRIMs but that could not be classified as bona fide TRIM proteins, given that they did not have complete RBCC supradomains. These TRIM-like proteins are also discussed in detail in the next section.
At this point, the diversity of TRIM sequences in human, mouse, Drosophila melanogaster and Caenorhabditis elegans was explored in full, to determine whether all proteins in those species were present in the alignments and trees obtained. Given that the TRIM family members of these model species have been studied in great detail before [23] , these specific analyses served to determine whether the simple strategy outlined above was indeed sufficient to detect all the TRIM sequences present in the databases, even the most divergent ones. The conclusion was that more than 95% of the known sequences were unearthed by the Tblastn-based analyses. The rest, which were all small, highly divergent TRIMs lacking any protein domain other than the RING and B-box(es), were separately analyzed, one by one, to establish the presence of orthologs in other species. Most of these outlayer TRIMs were restricted to just a few closely-related species, what contributes to explain why they were not detected in the standard Tblastn searches. After these additional searches were finished, the database generated contained 1952 TRIM protein sequences, divided into the groups found, which will be called subfamilies from now on. These subfamilies included from 12 sequences (e.g. divergent proteins found just in a few species) to 736 sequences (a large subfamily with many genes present in a large number of organisms). A final check showed that proteins of a given subfamily were always much more similar, as shown by very low Tblastn Expect values (10 222 $E$0, with most proteins having E#10 -29 ) than proteins of different subfamilies (E$10 216 , but often E..10 210 ). From this final database, the species range of all the TRIMencoding genes was determined. Only one group of TRIM proteins (that will be called Subfamily A throughout this text) was TRIM4, TRIM5, TRIM6, TRIM7/GNIP,  TRIM10/HERF1, TRIM11, TRIM12, TRIM15,  TRIM16/EBBP, TRIM17/TERF, TRIM21/RO52,  TRIM22/STAF50, TRIM25/EFP, TRIM26,  TRIM26-LIKE, TRIM27/RFP, TRIM30, TRIM30A,  TRIM31, TRIM34, TRIM35/HLS5, TRIM38/  RORET,TRIM39, TRIM41/RINCK, TRIM43-LIKE,  TRIM47/GOA, TRIM47-LIKE,TRIM48, TRIM49/  RNF18, TRIM49B, TRIM49L2, TRIM50,  TRIM51/SPRYD5, TRIM52, TRIM53, TRIM58,  TRIM60/RNF33,TRIM61/RNF35, TRIM62/  DEAR1, TRIM65, TRIM68/SS56, TRIM69/  RNF36,TRIM72/MG53, TRIM73, TRIM74,  TRIM75, TRIM77, TRIML1, TRIML2,  LOC283116,LOC440011, LOC120824,  LOC283116, LOC100134006 -- found to be present not only in metazoans but in other eukaryotes (see Results). Precise Subfamily A-specific phylogenetic trees were obtained following methods already described in previous works of our group. In brief, dendrograms were obtained using three different methods of tree reconstruction, neighbor-joining [NJ], maximum parsimony [MP] and maximum likelihood [ML] . The NJ and ML trees were obtained using the routines in MEGA 5.0.5 [80] while MP analyses used PAUP* beta 10 version [82] . For NJ, sites with gaps were treated with the pairwise deletion option, as recommended in [83] , and Kimuras correction was used. Parameters for MP were as follows: 1) all sites included, gaps treated as unknown characters; 2) randomly generated trees used as seeds; 3) maximum number of trees saved equal to 100; and, 4) heuristic search using the subtree pruning-regrafting algorithm. Finally, for ML analyses, the BioNJ tree was used to start the iterative searches and it was determined, with MEGA 5.0.5, that using the JTT matrix with variation in rates among sites according to a gamma distribution with four discrete categories and a fraction of invariable sites was the best way to model the amino acidic substitutions. Gaps were also treated as unknown characters. The close-neighbor interchange routine was used to explore the landscape of ML trees. Reliability of the topologies was tested in all cases by bootstrap analyses. For Subfamily A analyses, which included a relatively small number of sequences, 1000 bootstrap replicates were performed for the NJ and MP analyses and 200 for the ML analyses, which are much more computer intensive. Given the relationship found between the most ancient TRIM sequences and TRAF sequences (see below), phylogenetic analyses of MATH domain-containing proteins were made using the same methods described above. However, given the size of this dataset (517 sequences), the number of bootstrap replicates was reduced in both the MP analyses (200 replicates) and in the ML analyses (100 replicates). The domains present in TRIM and MATH-containing proteins were characterized using InterProScan [84] . Dendrograms were drawn using the tree editor of MEGA 5.0.5.
Results
Comprehensive Sequence Analyses Improve the Classification of the TRIM Family
As indicated in the Introduction section, whether the domainbased classification [20, 77] is confirmed using evolutionary analyses had not hitherto been explored in detail. By considering the results of the precise searches and phylogenetic analyses described in the Material and Methods section, it is relatively easy to tackle this question. Once all TRIM proteins were classified into subfamilies according to sequence analyses, it could be established when those groups did not agree with the structure-based classes. This leads to a refined classification of TRIM proteins, detailed in Table 1 . The comparative sequence analyses indicated that most TRIM proteins can be naturally classified into nine main subfamilies, which are named in Table 1 with a letter (A-I). That letter was assigned according to how wide is the phylogenetic range of species in which these subfamilies are detectable. Therefore, given that phylogenetic range and age are generally correlated, Subfamily A is expected to be the oldest and Subfamily I is the most recently emerged. Actually, it was found that Subfamily A is so old that predates the origin of the metazoans, an important result that is described in detail in the next section.
In Table 1 , the parallelism between this new classification and the domain-based ones is shown and the genes in mammals, flies and nematodes assigned to the different subfamilies are detailed. A first conclusion drawn from the comparison of both classifications is that they generally agree. As expected, proteins that are similar enough as to be grouped in the sequence-based searches generally share also common domains. However, several differences became also apparent (see Table 1 ). The first one is that the sequences of proteins of two of the classes defined by Short and Cox [77] and Ozato et al. [20] , namely Class I and Class II, are extremely similar and thus can be naturally grouped into a single subfamily (Subfamily B; Table 1 ). This result was also found by Sardiello et al. [23] . The most parsimonious hypothesis compatible with the available data is that Class II genes are truncated duplicates of typical Class I genes. Although Class II proteins lack the Nterminal domains characteristic of Class I proteins, such as Fibronectin type 3 or SPRY domains [77] , these differences can be simply explained by recent losses of these domains, in genes that are restricted to vertebrate species. A second difference is that Class V, defined by those authors as containing all TRIM proteins that lack any obvious domain besides the RBCC supradomain, is clearly not monophyletic. On the contrary, six of the proteins included in that class (TRIM31, TRIM52, TRIM56, TRIM61/ RNF35, TRIM73 and TRIM74) are very similar in sequence to proteins in other classes, and therefore it may be assumed once again that they derived from duplications followed by domain losses. The genes encoding these six proteins can be assigned to Subfamilies C (TRIM56) and G (the other five). Respect to the rest of proteins that were included in Class V, no clear sequence similarities with proteins in subfamilies A-I or among them were detected and therefore it is unclear how to classify them. In Table 1 , the genes encoding these proteins, plus some that also lack any additional domain besides those found in the RBCC signature but were not included in any class by Short and Cox [77] or Ozato et al. [20] , are put together as ''additional TRIM genes''. Alternatively, it is possible to assign each of these genes to a different subfamily, which may be named as follows: J (for TRIM8/GERP genes), K (TRIM14/PUB), L (TRIM19/PML), M (TRIM20/MEFV), N (TRIM29/ATDC), O (TRIM40), P (TRIM44) and Q (BSPRY). Additional, divergent genes that cannot be classified in subfamilies A-Q were found in the invertebrate model species analyzed (see details in Table 1 ).
A third difference of the sequence-and structure-based classifications is that the former allows to detect several genes that are clearly related in sequence to canonical TRIM proteins, but lack part of the basic RBCC signature, normally either the RING finger or both B boxes. The genes encoding these ''TRIMlike'' proteins (between parentheses in Table 1 ) can be hypothesized to derive from typical TRIM genes, again by duplications followed by protein domain losses. Many of these genes are relatively recent in evolutionary terms, although a few (e.g. Colors indicate the phylogenetic range, in order from top to bottom: animals (pink), apusozoans (orange), plants (green), alveolates (magenta), excavates (violet), fungi (blue) and amoebozoa (yellow). In capital, bold letters the protein structures are summarized, according to InterProScan searches (R: ring finger; B: B box; C: B-box C terminal domain, M: MATH domain). It was not possible to characterize the structures of several of these proteins, for which only partial sequences were available. It can be deduced that the ancestral structure was RBM, with several derivative structures (e.g. RBCM, RBMM, RMM) or losses of domains (RB, BM, RM) occurring in the proteins of particular groups or species. A single Branchiostoma floridae sequence, discussed in the text, had a RBBMM structure (red). doi:10.1371/journal.pone.0050030.g001 RNF207, which defines Subfamily F) are quite ancient. A fourth, final discrepancy is that class X, defined by Ozato et al. [20] by separating TRIM45 from the rest of Class VII proteins based on the presence of a filamin domain in TRIM45, does not seem warranted. As first suggested by Short and Cox [77] , it is more natural to put them all together in a single group (Subfamily C), given their high similarity.
Subfamily A Genes are Present in Many different Eukaryotic Groups
Subfamily A proteins, which correspond to Class VIII in the domain-based classification [20, 77] , contain an additional Cterminal domain called MATH [85] (in some databases, it receives the alternative name of TRAF domain). The MATH domain is involved in facilitating protein-protein interactions [86] and appears in just a few protein families, as will be detailed in the next section. In humans, there is a single Subfamily A gene, TRIM37. Surprisingly, genes very similar both structurally and in sequence to human TRIM37 were found not only in animals but also in many other types of organisms, including a few fungi and plants and several, diverse groups of protozoans (Figure 1 ; see details of the taxonomy and protein structures in that figure) . This was quite surprising, given that TRIM genes were hitherto assumed to exist only in animals. These new results show that this is not the case, indicating that the TRIM family is much older than previously thought. Figure 1 also shows that these searches detected a lineage-specific amplification of TRIM37-like genes in mosquito species. These genes encode proteins with 0 to 2 MATH domains. Also, a single TRIM37-like gene in Dictyostelium discoideum (which encodes a protein lacking the MATH domain) and two in Trichomonas vaginalis (encoding proteins lacking RING finger) were discovered. Finally, a single exceptional, very divergent gene was found in the Branchiostoma floridae genome that apparently not only encodes for a protein with two MATH domains, but also with two B boxes. This was unexpected, given that all the rest of Subfamily A proteins only have one B box. It is unlikely this putative gene is a genomic assembly artifact, because it is found in the Branchiostoma genome as a short, intronless ORF and cDNAs encoding the Bboxes and the first MATH domain can be found in the databases (Accession numbers FE580876.1 and FE556638.1). Also, as it will be detailed below, additional, very similar genes are found in B. floridae. It turns out that this gene does not belong to Subfamily A, but to Subfamily C. It is a false positive, detected due to structural convergence: two different acquisitions of MATH domains by unrelated TRIMs (see below).
A Potential Evolutionary Link between TRIM and TRAF Ubiquitin Ligases
The finding of TRIM37-related genes in many eukaryotic groups has an important additional implication. It is now possible to hypothesize that the oldest TRIM genes, from which derive all the animal TRIMs, already contained MATH domains. If this is true, the MATH domain could be used as a marker to find other genes related to the ones in the TRIM family. There are only a few protein families, all of them eukaryotic, which contain MATH domains (reviewed in [85] ). Among them, the most interesting, because of its structural and functional similarity with TRIMs, is the TNF Receptor-Associated Factor (TRAF) family of ubiquitin ligases [87, 88] . In parallel to what is found in Subfamily A TRIM proteins, most TRAF proteins contain an N-terminal RING finger and a C-terminal MATH domain. Between the RING and the MATH domains, just in the place where the B boxes typical of the TRIM family are, TRAF proteins contain 1 to 7 cysteine-rich domains similar to zinc fingers, but with a peculiar, TRAF-specific structure [87] [88] [89] [90] . Given this structural similarity between Subfamily A TRIM proteins and TRAF proteins, it is logical to Numbers along the branches again refer to NJ/MP/ML bootstrap support. In brackets, the number of proteins within each class. TRAFs and Meprin proteins appeared together in the trees, as did MATH UCH animal proteins (a type of ubiquitin proteases) with a few Branchiostoma Subfamily C TRIMs (discussed in the text). Plant MATH, MATH62 and MATH64 groups correspond to sequences that only have one, two or four MATH domains, respectively. Seven sequences of uncertain classification are indicated in full. See [85] for additional details of all these groups. doi:10.1371/journal.pone.0050030.g002 explore whether they may be evolutionary related. All TRAF proteins detected so far derive from animal genomes (from sponges to vertebrates, according to our observations). Therefore, it is possible to hypothesize that Subfamily A TRIM genes may be at the origin of not only all the rest of TRIMs but also of TRAF genes. If this is correct, we would expect to find the MATH domains of TRIM and TRAF genes to be related in sequence. When comprehensive phylogenetic analyses based on the protein sequences of MATH domains were performed, the domains in TRIM, TRAF and a third protein family, called Meprin (a peculiar kind of chordate-specific membrane peptidases), appeared together in all three types of phylogenetic analyses (NJ, MP and ML), albeit with low bootstrap support (Figure 2) . These results support but do not fully demonstrate a relationship between the TRIM and TRAF E3s. However, they should encourage further research, especially considering the general lack of resolution of the dendrogram that relates all MATH domain-containing proteins (Figure 2 ). Even proteins that are clearly homologous in different groups of organisms (see e.g. the MATH BTB and MATH UCH groups of animals, plants or fungi) appeared either poorly supported or even separated in that dendrogram (Figure 2 ). This is caused by the short length of the MATH domain, about 100 amino acids long, which provides only limited information, precluding to obtain clearer results. In summary, it can be hypothesized from the available data that TRIMs and TRAFs are evolutionary related and that the MATH domains present in Meprins, which are intimately related to those of TRAFs ubiquitin ligases (Figure 2) , were recently coopted, in the chordate lineage, from a TRAF protein.
A second significant finding, also shown in Figure 2 , is that a few TRIMs found in a single species, Branchiostoma floridae, contain two MATH domains that are very different from the one present in TRIM Subfamily A sequences and very similar to those found in MATH UCH proteins (see ''Branchiostoma TRIM'' in that figure). One of these uncommon genes was already mentioned above; it was the only one encoding a protein with two B boxes that appeared in Figure 1 . The other Branchiostoma genes were apparently too dissimilar as to be detected in the Tblastn searches from which the sequences in Figure 1 were obtained, all of them appearing together in other Tblastn searches, as typical Subfamily C TRIMs (not shown). Thus, the presence of TRIM and MATH domains in both all Subfamily A genes and these few Branchiostomaspecific Subfamily C genes must be due to structural convergence, caused by a recent recombinational event in the lineage that gave rise to Branchiostoma. Finally, notice the important fact that all the MATH domains present in TRIM proteins (but the few exceptional ones of Subfamily C just mentioned) appear together in the MATH-based phylogenetic analyses (Figure 2 ). This result reinforces the idea that all Subfamily A genes have a common, ancient origin, in agreement with the results of the Tblastn analyses and corresponding trees that were summarized in Figure 1 .
Discussion
The results described in the previous sections deepen our understanding of the origin, diversification and long-term evolution of the TRIM family. First, they provide a novel, more precise classification of TRIM proteins into natural groups, called subfamilies in this text, which is supported by sequence data and often also by structural data. This classification largely confirms the previous one based only in protein structures, but some significant differences, already mentioned in detail above, have been found. Also, these analyses invalidate the idea proposed by Sardiello et al. [23] , which suggested that TRIMs were divided into just two groups, ''Group 2'' corresponding to our Subfamily G ( = Class IV in the structural classifications) and ''Group 1'' including all the rest. That this proposal is illogical is shown by the fact that at least three TRIM subfamilies (A-C), which include proteins with very different sequences and structures, were already present before animals emerged or very early in animal evolution (Table 1) , while Subfamily G is just a very recently emerged group, restricted to vertebrates. Thus, the classification into just two groups is not supported by evolutionary data. Actually, the evidence obtained to separate all TRIMs into those two groups was quite weak. It consisted in: 1) an unrooted phylogenetic tree of human TRIMs, without any bootstrap analysis to support its topology. and, 2) some additional data showing that the genomic organization of the genes in ''Group 2'' is quite homogeneous while ''Group 1'' genes are much more diverse [23] . However, both the fact that Subfamily G ( = ''Group 2'') genes appear together in that tree and their genomic similarity can be simply explained by the recent origin of all genes of this subfamily.
A second significant result obtained is that six vertebrate genes generally considered unrelated to TRIM genes in fact encode TRIM-like proteins, with significant similarity to canonical TRIMs (Table 1) . These genes (RNF207, FSD1, FSD2, FSD1L, NHLCR1/Malin and BSPRY) arose by duplications of typical TRIMs followed by deletions that eliminated regions encoding part of the RBCC signature. Among them, perhaps the best known is NHLRC1/Malin. Mutations in this gene cause Lafora's disease, a neurodegenerative disorder (reviewed in [91] ). Malin is a short protein with a RING finger and six NHL repeats that lacks any B boxes, explaining why it was not classified as a TRIM protein. However, as simple Blast searches demonstrate, Malin NHL repeats are very similar to those found in typical Subfamily C TRIMs (see also [92] ). RNF207 was also considered a TRIMencoding gene in a recent study [25] .
A third important result is that evidence for TRIM genes to be much more ancient than previously thought has been obtained ( Table 1 and Figure 1 ). These TRIM37-related genes have been missed before because they are present in just a few, recently sequenced species. The patchy pattern of presence/absence of the TRIM37-related genes can be explained by multiple gene losses. That TRIM37 genes are often lost is supported by the lack of these genes in model species such as D. melanogaster or C. elegans in spite of being present in related species. The only alternative explanation for their patchy phylogenetic range would require invoking horizontal transmission among distant eukaryotes. This is a theoretically possible but quite far-fetched explanation, especially given the wide range of organisms that contain these genes. First, to support this idea, many independent horizontal transmissions of TRIM37 genes to totally unrelated organisms must be postulated, which seems very unlikely. Second, even accepting that uncommon horizontal transmissions of TRIM genes among very distant organisms may occur, postulating that TRIM37 has been the only one systematically involved in this type of process, while none of the other TRIM genes have been horizontally transferred, is also difficult to accept.
The fourth main result derives from the fact that these ancient TRIM genes encode proteins with MATH domains. This suggests that there may be an evolutionary link between TRIM and TRAF ubiquitin ligases, given the presence in both families of similar structures (RING+MATH) that may have a common origin (Figure 2) . Postulating a common origin of TRIM and TRAF ubiquitin ligases fits well with the fact that some of them have related roles. For example, the Subfamily F protein TRIM25/EFP is known to act as part of the innate immune response linked to interferon production, in a way that resembles how several TRAFs function [58] . Also, both TRIM25/EFP and TRAF6 are able to generate free ubiquitin chains (i. e. chains not attached to other proteins) that act as scaffolds, favoring interactions among other proteins, which are critical for the interferon-induced response [93] [94] [95] . Future research may determine whether these links are more profound than so far established.
Some minor results, as the discovery of structurally convergent TRIM proteins, i. e. proteins which have similar structures due to independent acquisitions of a same protein domain, are also interesting. This result highlights why the classification of a complex family into natural groups or subfamilies improves our ability to interpret functional data. Many discussions are flawed by not considering whether similarities among proteins are either due to common origin or to convergence. A typical example regards HERC ubiquitin ligases, a type of HECT E3s. Generally discussed as a single family [96] , we recently showed that there are indeed two different groups of HERCs, which originated independently [8] . A second typical example is the convergent similarity of the Parkinson disease-related E3 parkin and another protein of the RBR family, called RBCK1 (a. k. a. XAP3, HOIL), which both have ubiquitin-like domains [12] . The presence, described above, of a few Branchiostoma TRIMs that resemble TRIM37 due to convergence is a similar finding. Classification errors due to convergence associated to independent losses of protein domains are also possible, as the results showed above for the inexistent ''Class V'' [20, 77] show.
Some functional hypotheses can be formulated thanks to the information described in this study. For example, it seems logical to hypothesize that the oldest TRIM proteins most likely worked already as ubiquitin ligases. This is suggested by many proteins of all subfamilies, including the ancient Subfamily A, having that biochemical function. On the contrary, the ability of a few TRIMs to act as SUMO ligases [76] seems to have emerged more recently and probably several times independently. Also, so far only a single TRIM, TRIM25/EFP, is known to be able to ISGylate [74] . This is most likely also a recent novelty, especially given that this same protein may also act as ubiquitin ligase [58] . A second logical hypothesis to put forward is that perhaps the most ancient functions of TRIM proteins in animal species were very general, perhaps housekeeping roles in multiple tissues or cell types. This can be suggested based on the fact that mutations in the gene encoding a Subfamily A protein, human TRIM37, cause mulibrey nanism, a syndrome with multiple development failures (growth retardation, damages in heart, muscle, liver, brain, etc.; reviewed in [97] ). A third hypothesis that deserves further exploration concerns the roles of TRIM proteins in innate immunity. The available data suggest that TRIM proteins have been coopted multiple times independently to perform those roles, probably later than their original, more ''internal'' roles. This hypothesis is based on the fact that multiple proteins of different subfamilies are known to be linked to innate immunity (such as TRIM56 -Subfamily B; TRIM23/ARD1, TRIM28/TIF1-beta -Subfamily D; TRIM5, TRIM11, TRIM22/STAF50, TRIM25/EFPSubfamily F and TRIM19/PML -Subfamily L), but apparently not those in Subfamily A, such as TRIM37. Interestingly, this potential dichotomy between conventional roles, often housekeeping, as part of the cell internal ubiquitination system and more recent roles in innate inmunity has been already hypothesized for other types of ubiquitin ligases, such as RBR E3s [15] . It is significant that rapid expansions of very similar sets of genes generated by tandem gene duplications are detectable in both animal TRIM E3s and some RBR E3s. These expansions may be related to the ability to respond to external aggressions. Regarding the TRIM family, this is an interesting topic that we plan to address in detail in future works.
